A Simple Technique For Estimation of Reservoir Permeability Which Includes The Absorption Effect of Synthetic Seismic Reflection Data by Sismanto, D. Santoso, F.Wenzel, S. Munadi, K. Sribrotopuspito
A SimpleTechniqueForEstimationofReservoirPermeability- Sismanto,et.at. 89
A SimpleTechniqueFor EstimationofReservoirPermeabilityWhich
IncludesTheAbsorptionEffectofSyntheticSeismicReflectionData
Sismanto8,.,D. Santosob,F.WenzelC, S. Munadi d,K. Sribrotopuspito8.
8GeophysicsDivision,PhysicsDepartment,GadjahMadaUniversity,Yogyakarta,Indonesia.
bGeophysicslDepartment,BandungInstituteofTechnolgy,JI. Ganesha10,Bandung,Indonesia.
cGeophysicalInstitute,Hertzstrasse16,76187Karlsruhe,Germany.
dLEMIGAS,Jakarta,Indonesia.
.Correspondingauthor.Fax:+62-274-545185;E-mail:sismanto@ugm.ac.id
Abstract
Relationshipsamong elastic parametersand rock properties, and ultimatereservoir
parametershave beenestablishedin continuummechanicsand rock physics. Therefore,it
shouldbepossibletoestimatereservoirpermeabilityfrom theseismicdata.WeusedSismanto's
methodbasedon Biot's solution of wave equationin an elasticporous mediumand the
approximationsofTurgut-Yamamototoallow anestablishmentof a linearrelationshipbetween
attenuationcoefficientor amplituderatioasafunctionof theinverseof thesquareoffrequency.
Theslopeof thisfunctionincludesthepermeability.It can beshownthatthis techniqueagrees
to the measurementof thepermeabilityof a porous mediumfrom seismicwaveforms.We
examinedthis techniqueto estimatethereservoirpermeabilityby usingsyntheticseismogram
data. Theresultshowthathasan error lessthan5 %, it meansthatthestudyofpermeability
estimationfromsurfaceseismicdataispossiblebyusinganaccuratecalibrationstep.
Keywords:Seismicwave,permeability,Biot, Turgut-Yamamoto.
Introduction
Reservoircharacterizationis one of the
advancedstepsin seismicexplorationto identify
physical propertiesof a reservoirsuch as
thickness, porosity, permeability, density,
compressibility,and water saturation.These
physicalpropertiesareusedto modelthe fluid
flowinaproducingfield.Recentnewgeophysical
methodsfor example,AVO and tomography,
generallyattempttodirectlyestimatethereservoir
physicalpropertiesfromtheseismicdata.Turgut
and Yamamoto (1988) developeda one-
dimensional(1D) modelof VSP, whichincludes
mode conversionthroughslow compresional
wavesas an energyloss mechanismbasedon
Ganley(1981).Horizontaland verticalseismic
profilingsyntheticseismogramswhichincludethe
absorptioneffectof thereservoir,especiallyfor
permeability,hasbeenconstructedby Sismanto,
et.al. (2003a).The Sismanto'stechniqueis to
combine the Turgut-Yamamotoand Ganley
mechanism.TurgutandYamamoto(1988;1990)
exploredthepossibilityof predictingporosityand
permeabilityof marinesedimentby analyzing
phasevelocitydispersionandattenuationof the
fast compressionalwaves as a function of
frequency.Meanwhile,most theoreticaland
experimentalresearchesprovethatthereis a close
relationshipamongwaves,elastics,andreservoir
parameters.Thisrelationshipalsoagreeswiththe
fielddata(Munadi,1998;SaarandManga,1999).
Thus, the reservoirparametersare believedto
affectseismicwavecharacters.Withthispointof
view,reservoirparameters,uchas porosityand
permeabilityshouldtherefore,are able to be
theoreticallyobtainedfromtheseismicdata.
Sismanto,et. al (2003b) developeda
techniqueto estimatethe permeabilityon the
seismogramsyntheticbasedonTurgut-Yamamoto
equation,buttherelationshipof thepermeability
estimationto the permeabilitymodel is still
multifaceted.Furthermore,Sismantoet. aI,
ISSN : 0216-7565
90 ForumTeknikVol.31,No. I, Januari2007
(2005a)publisheda simpletechniqueto estimate
thepermeabilityonthereal3Dseismicdatabased
on Turgut-Yamamotoequationas well. The
Turgut-Yamamotoequationwas modifiedto
expand a linear relationshipbetweenthe
attenuationcoefficientandtheamplituderatioasa
functionof frequency,buttherearestill many
problemswereignore.
The aim of this paperis to examinethe
Sismantoet. ai, (2005a)'smethodto estimate
reservoirpermeabilityfromthesyntheticseismic
reflectiondata.Consequently,we canminimize
therealprobleminordertogettheaccuracyofthe
technique.
Fundamental
Two basic equations describing the
relationshipbetweendilatationalndshearwaves
in a fluid-saturatedporous (uncon-solidated)
isotropicand elasticmedia such as marine
sediments,are(Biot,1956)
2 - a2ii a2i1
JlV ii+(H-Jl)V8-CV; =p--p -(1)
P at2 f at 2
a2ii a2v 17avCV(}-MV; =p --m (2)
P / at2 at2 k atp
inwhichii istheframedisplacementvector,V is
the seepagedisplacementvector,()=divii, ;p=
div V , p isthebulkdensity[p =(1-r/J)Pr+r/JPil,
Pr isthedensityofgrain,PJisthedensityof fluid,r/J
istheporosity,17istheviscosityof fluid,andkpis
the coefficient of the permeability.
H, C, andM aretheBiot'selasticmoduli,J.l is
the shearmodulus,and m is thevirtualmass
expressedasm = a PJ/r/J,witha = 1.25(Turgut
andYamamoto,1990).TheBiot'selasticmodulus
areexpressedbythefollowingrelations
)2 4- (Kr - K b +K b +"3 JI,
H = (Dr - Kb)
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whereKr is thebulkmodulusof thegrain,KJ is
thebulkmodulusof thefluidinthepores,andKb
is the bulk modulusof the skeletalframe.
Accordingto TurgutandYamamoto(1990),the
bulkmodulusof skeletalframeKbandtheporosity
arerelatedtotheshearmodulusas
Kb =(~+ l.)JI' and1- 20" 3
(4)
wheretheshearmodulusJ.l,thePoisson'sratio(Y
andthebulkmodulusK areestimatedfromthe
velocitiesof the P and S waves,wheretheir
relationshipsaregivenby
3K - 2J1 and2
)
'
Jl = P V, ' (F = 2(3K +Ii
(5)
3.Methods
To estimatethe permeability,we needa
seismic waveformvelocity and its spectral
analysisof theevents.Thebulkmodulusof grain
Kr. thedensityP andthebulkmodulusof fluidKJ
have to be definedpreviously.Accordingto
Turgut-Yamamoto(1990) approximationand
GeertsmandSmit(1961)indicationfor marine
sedimentwith high.Q Eqs. (1) and(2) canbe
obtainedinthefollowingform,
(V2I V2)- 1
Q-I "., 00 0 (6)
qi +~.(V2 IV2)
A qi 00 0
where qi =17/kpOJis the imaginarypartof q,
andA =(p m- p~)/p. Whereas,
2 -
Vo =Hip for ro~ 0,and (7)
2 2
Voo=(Hm+Mp-2Cpj)1pm-Pj for OJ~ ex)
Then,itcanbefoundthelocationoftherelaxation
frequency(maximumattenuation)in a (Q-I-.f)
curveas
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By using the relaxationfrequency,the
penneabilitycoefficientcanbeestimated,if the
otherparametershavebeendetennined.However,
it is ratherdifficulttogeta goodcurveof (Q-I-f)
relationshipforrealdata.Sismanto,etal.,(2005a)
modifiedtherelationshipof (Q-I-f) intoa linear
fonn.
Eq.(6)canberewrittenas
qj A W+ .
Q = A qjW -1
wherew =V~/v}.Accordingto the spec-tral
ratiomethodforestimatingQ in laboratory,the
definitionofthequalityfactorQ is,
(()
Q= .
2Vpa«(())
By combiningEqs.(9)and(10),onesobtains
(10)
x2V W2V
p + p
(() 2 (W -1) x(W -I)
1--
a«(())
(II)
in whichx=17P/(kp(pn-p})). Therelation-ship
of a«(())and the frequencyin Eq. (11) is
asymptoticfor high frequencyregion«(0»).
Unfortunately,we arenot interestedin thehigh
frequencyregionandin practiceit is difficultto
obtaintheasymptoticvaluebecausethefrequency
contentof theseismicdatais lessthen200Hz.
While, the relationshipbetween[llal] and
[lla( (())]is linearforall frequency.However,the
linearrelationshipof thedatajusttakesplaceonly
inthefrequencycontentofthesignal.
From the slope y, we can estimatethe
penneability,Le.,
2Vp17P (W-It.
kp=r.(pm-p~)
(12)
It is obvious
a((())can be
methodby
thatthecoefficientof attenuation
calculatedfromthespectralratio
(8)
(
An(m)
)
d-',
a(m)=In A\(m .
(13)
whereAnandAI aretheamplitudeof signalatthe
nand 1 positionsin the frequencydomain
respectively.In verticalseismicmeasurement
(VSP), d is the distancebetweenreceiversin
positionsland n. In thereflectionmeasurementd
isthepathdifferenceoftherecordedseismicwave
atthesurface.
SubstitutingEq.(13)into Eq.(ll), we will
obtain
(9) ~
(
...:: +W
)
=
[
In
(
An(OJ)
J]
-I. (14)
d(W-l) OJ2 x Al (OJ)
The curveof Eq. (14) is asymptoticfor high
frequency«(0»)andlinierbetween(Jlal) and(II
amplituderatioin logarithmic).If theslopeiST,
wecandetenninethepenneabilityof themedium,
I.e.,
2Vp17P
kp=~m-p~)(W-l).
Thefonnsof Eq.(l4)andEq.(lI) aresimilar.The
maindifferenceis inthedata.Eq.(II) needsmore
goodseismictracesto calculatetheattenuation
coefficient,butusingEq. (14)we needonlyat
leastwotracesofseismicdatainCDPgather.
(15)
4.Syntheticseismograms
Sismanto,et.al. (2003a)associatedtheeffect
of absorptionanddispersionaccordingto Ganley
(1981) with dispersionand attenuation.The
attenuationeffectsarecalculatedfromthewave
numberof Biot's equation.The theoretical
seismogramsare based on Ganley(l981)'s
method.The dispersioneffectcomesfrom the
reflectivityas a functionof frequency.For the
absorption calculation, Futtennan(1962)'s
absorption-dispersionequations,arerealized.
Therefore,thesyntheticseismogramscover
reservoirparameters,elasticparameterandwave
parameters.The penneabilityof the model
dependsonthoseparametersis givenbyGeertsma
andSmit(1961),
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(16)
Therelationshipofthepermeabilityothevelocity
andfrequencyforsandstoneis illustratedinFig. I
andFig. 2, respectively.Thosefiguresshowthat
for higherfrequencythevelocitydependencyis
not so significantrelativeto the permeability.
Otherwise,thepermeabilityis stronglyinfluenced
bythefrequency.Therelationshipof dependency
amongfrequency,velocity,andpermeabilityhas
beendiscussedtheoreticallyby Sismantoet al.
(2005b).
100
Velocity(m/s)
Fig.1. The relationshipof thepermeabilitytothe
velocityfor sandstonetype.It is shownthatforhigher
frequencythevelocitydependencyis notsosignificant
relativeto thepermeability.
Frequency(Hz)
Fig.2.Therelationshipofthepermeabilityothe
frequencyforsandstonetype.Thisrelationshipshows
thatthepermeabilityisstronglyinfluencedby
frequency.
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Thebasicrockpropertiesof marinesediment
arebasedon TurgutandYamamoto(1990).The
kinematicsviscosityof purefluid 1]is 1.0X 10,6
m2/s,thebulkmodulusof fluidKf is 2.3X 109
N/m2,tpebulkmodulusof grainKr is 3.6X 1010
N/m2,thedensityof fluidpfis 1.0x 103kg/m3,and
thedensityof grainpr is2.65x 103kg/m3.While,
velocityof theP waveVp is obtainedfromthe
seismicdata,andtheS wavevelocityVsandthe
densityP areestimatedby empiricalequations
(Mavko,et.al,1998).Then,thebulkmodulusof
theskeletalframeandtheporosityareestimated
by Eqs.(4), Biot's elasticityparametersare
determinedbyEq.(3),andthevelocityof thezero
andthehighfrequencyrangearecalculatedby
Eq.(7).
5. ExamplesofNumericalResult
Syntheticseismogramsof poro-elasticwaves
in two layermodelsof seismicreflectionare
shownin Fig.3.ThemodelusesavelocityVplof
3000m/s(sandstone)overthelimestonewithVp2
of 4000m/s.TheRickerwaveletfrequencyis 70
Hz. Fig. 4 is the frequencyspectrumof the
syntheticseismogrameventsof Fig. 3. The
spectrumshowsthatthereis somefrequency-shift
andamplitudeattenuation,especiallyin (10-70)
Hz. The frequencycontentis affectedby the
attenuationsystemof themedium.Thetwo-layer
modelusesthethicknessof first layerof 150m
andreceiverintervalof 20 m. Then,theother
physicalpropertiescanbe obtainedsuchas the
shearwavevelocityv..'1and Vs2,whichare1594
m/sand2157mis,thedensityPI andP2are2.19
.103kg/m3and2.33.103kg/m3,theporosityr/>Iand
r/>2are56% and17%, andthepermeabilitykpl
andkp2are278mD and209mD, respectively.
Thosephysicalpropertiesareenforcedtoconstruct
thesyntheticseismogramof thetwo-layermodel,
whichis shownin Fig. 3.Thepermeabilityvalue
of thesyntheticseismogram,whichis calculated
fromEq.(16),is implementedasareference.
Ieoo
,....,
0 "'"e'-'
:.=«XI
C1.)e300
C1.)
Q..
200
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Fig.3.Syntheticseismogramsofporo-elasticwavesin
twolayermodelsofseismicreflection.Themodeluses
avelocityVpJof3000mls(sandstone,150m)overthe
limestoneVp2of4000mis,usingRickerwavelet
frequencyof70Hz.
I)-
~(Hz)
Fig.4.Frequencyspectrumof Fig.3.Therearesome
frequency-shiftandamplitudeattenuation,especiallyin
the(10-70)Hz.Thefrequencycontentisaffectedbythe
attenuationsystemofthemedium.
Sometwo-layermodelsareconstructedwith
theVplvelocityof sandstoneasfirstlayer;of 3000
mlsandthethicknessi 150moverthelimestone
in whichthevelocityis 4000mls.Thesynthetic
seismogramsu eseveralfrequencies,andsevern1
velocityvariations.Whenthevelocityis puttobe
constant,hefrequencyis variedandviceversa.
Thepermeabilityinversionofthetwo-layermodel
bythelinearmethodis comparedtothereference
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permeability;it givesequivalencefunctionfor
severalvelocitiesand variousfrequencies.The
scalefactorof calibrationis obtainedfromthose
curves.Thescalefactorsarenotunique,butareas
a functionof velocity.In thiscasewedividethem
into4 groupsof scalefactorin thesamerange
valueof permeabilityi.e.,(3350-3800)mIs,(2950-
3350)mIs,(2450-2950)mIs,and(2000-2450mls)
intervalsaspresentedinFig.5aand5b.Thereisa
linearcorrelationbetweenthepermeabilityof the
modelandthepermeabilityfromestimation.The
linearfunctionof thisrelationis calledthescale
factorof thecalibration.
The inversionmethodis appliedto estimate
thepermeabilitybasedon theknownvelocityof
themodelon thesyntheticseismogram,andthe
resultsaregivenin Fig.6 for constantfrequency
and varyingvelocityand Fig. 7 for constant
velocityand varyingfrequency.The shapeof
curvesinFigs6and7aresimilartothetheoretical
curvein Figs. 1 and2, formulatedby Geertsma
and Smit (1961).It meansthat the synthetic
seismogramkeepsthepermeabilityinformationof
themodelandthe inversionmethodis ableto
extractit fromthe(synthetic)seismograms.In the
permeabilityestimation,the averageerrorsfor
bothlinearmethodsarelessthan5 %. Theerrors
comefromdeterminationf thelinearareain the
curve.However,thepermeabilityestimationwith
surfaceseismicdata is basicallypossiblebut
requiresprecisecalibration.
6.Conclusions
Thepermeabilityof a porousmediumhasa
significanteffectonthefrequencydepen-denceof
theattenuationevenin thelow frequencyrange
relevantfor surfaceseismic.For testing in
syntheticseismogramswithacceptableapproxima-
tionsa linearrelation-shipbetweentheabsorption
coefficientandtheinversesquareof thefrequency
hasanerrorlessthan5%.However,akeyresultof
the studysuggeststhatpermeabilityestimation
with surfaceseismicdatais possiblethroughit
requiresaccuratecalibration.
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Penneabilityof EstimationbyAmplitudeMethod Penneabilityof EstimationbyCoeffisientAttenuation(a.)Method
10 600 700
500 600 700
Penneability of model (mD)
3.
Fig. 5aandb.Curveof penneabilityof estimationversuspenneabilityof model.It is shownthattheequivalence
factorsarenotconstant,buttheyareas a functionof velocity.We dividethevelocity into4 groupsof
equivalencefactorin thesamerangevalueof penneabilityi.e.,(3350-3800)mis,(2950-3350)mis,(2450-
2950)mis,and(2000-2450)mlsintervals.
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